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ABSTRACT A soluble nitric oxide (NO) synthase activity
was purified 426-fold from a mouse macrophage cell line
activated with interferon y and bacterial lipopolysaccharide by
sequential anion-exchange, affinity, and gel filtration chroma-
tography. SDS/PAGE of the purified NO synthase gave three
closely spaced silver-staining protein bands between 125 and
135 kDa. When assayed in the presence of L-arginine, NADPH,
tetrahydrobiopterin, FAD, and reduced thiol, purified NO
synthase had a specific activity of 1313 nmol ofNOj plus NOj
per min per mg. The apparent Km of the enzyme for L-arginine
and NADPH was 2.8 and 0.3 FM, respectively. Addition of
calcium ions with or without calmodulin did not increase the
activity of the purified enzyme, and NO synthesis was not
altered by calmodulin inhibitors. Gel filtration chromatogra-
phy indicated that the induced NO synthase was catalytically
competent as a dimer of -250 kDa but could be dissociated into
inactive monomers of -130 kDa in the absence of L-arginine,
FAD, and tetrahydrobiopterin. Upon heat denaturation, NO
synthase released 1.1 mol ofFAD and 0.55 mol ofFMN per mol
of 130-kDa subunit. Thus, inducible macrophage NO synthase
differs in several respects from constitutive NO synthases and
is one of very few eukaryotic enzymes containing both FAD and
FMN.

The free radical nitric oxide (NO) or a NO-releasing product
is synthesized within mammalian immune, cardiovascular,
and neural systems, where it functions as a signaling or
cytotoxic molecule (for reviews, see refs. 1-3). The mam-
malian enzymes that generate NO are not completely char-
acterized. Current evidence suggests that there are at least
two forms. One is constitutively expressed, requires calcium
ions and a calcium-binding protein such as calmodulin for its
activation, and participates in signal transduction by gener-
ating NO in response to increased intracellular calcium
levels, leading to activation of soluble guanylyl cyclase by
NO (1, 4-7). The other form is expressed in cells only after
several hours of exposure to cytokines like interferon y
(IFN-y) and/or microbial products such as bacterial lipo-
polysaccharide (LPS) (8-10). Immunologically induced NO
synthase participates in the destruction of microbial patho-
gens and tumor cells and contributes to shock associated with
sepsis (2, 3, 11, 12). The inducible NO synthase appears to be
antigenically distinct from constitutive NO synthase (13).

Despite their differences in regulation and function, evi-
dence suggests that the constitutive and induced NO syn-
thases are catalytically similar. Both types utilize NADPH
and, where it was tested, tetrahydrobiopterin as redox co-
factors (4-7, 14, 15) and convert L-arginine to NO and
L-citrulline with one atom of molecular oxygen being incor-

porated into L-citrulline (16). In cases where it was tested,
both constitutive and inducible activities were enhanced by
exogenous FAD (7, 17) and inhibited irreversibly by the
flavoprotein inhibitor diphenyleneiodonium (18), suggesting
that NO synthases may be flavoproteins. However, a direct
demonstration that the NO synthases contain flavins has not
been obtained.
Thus far only constitutive NO synthases have been purified

to homogeneity, from rat and porcine cerebellum (4-6) and
rat neutrophils (7). In this report we describe the purification
of an IFN-y- and LPS-induced NO synthase from a mouse
macrophage cell line and show that it is a flavoprotein
containing not only FAD but also FMN.

MATERIALS AND METHODS
Dithiothreitol was from Pierce. Adenosine 2',5'-bisphos-
phate (2',5'-ADP)-Sepharose resin and prepacked Mono Q
HR 10/10, TSK G3000 SW (7.5 x 600 mm), and TSK G4000
SW (7.5 x 600 mm) columns were from Pharmacia LKB. All
other reagents were obtained from Sigma or from sources as
previously reported (14, 16, 17). Recombinant mouse IFN-y
was a gift of Genentech.

Purification of NO Synthase. RAW 264.7 macrophages
were grown at 370C, 5% CO2 in 6 liters of RPMI 1640
supplemented with L-glutamine, penicillin, streptomycin,
and 8% bovine calf serum. When the cells reached a density
of -106 cells per ml, IFN-y (100 units/ml) and Escherichia
coli LPS (2 ,ug/ml) were added to induce NO synthase
activity. After 10-12 hr, the cells were harvested by centrif-
ugation at 40C and resuspended in 80 ml of ice-cold saline that
contained 25 mM glucose, typically yielding about 5 x 109
cells with a viability (by trypan-blue exclusion) of >90%. The
cells were repelleted and resuspended in 16 ml of cold H20
containing protease inhibitors as described previously (17),
then lysed by three cycles of rapid freeze-thawing. EGTA
and EDTA were omitted from the lysis buffer because they
inhibit NO synthase activity in the crude lysate (19). The
lysate was centrifuged at 100,000 x g for 90 min at 40C and
the supernatant was stored at -80'C.

All chromatography for purification was carried out on a
Pharmacia FPLC instrument at room temperature, and eluent
fractions were collected into plastic tubes kept on ice. Buffer
for all purification steps was 20 mM 1,3-bis[tris(hydroxy-
methyl)methylamino]propane (pH 7.2) containing 5mM L-ar-
ginine, 3 mM dithiothreitol, 2 /.LM FAD, 1 ;LM tetrahydro-
biopterin [(6RS)-2-amino-4-hydroxy-6-(L-erythro-1,2-
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dihydroxypropyl)-5,6,7,8-tetrahydropteridine], and 10%
(vol/vol) glycerol unless specified otherwise. The active cell
supernatant was chromatographed in three runs of 5 ml each
on a Mono Q column at a flow rate of 2 ml/min. A pro-
grammed gradient was run from 0.12 to 1.0 M NaCl to elute
NO synthase activity (Fig. LA). Active fractions (=10 ml for
each run) were loaded directly at 0.3 ml/min onto a 5 x
100-mm column containing 2',5'-ADP-Sepharose. After un-
bound protein had been eluted, the nonspecifically bound
proteins were eluted with 5 ml of buffer containing 0.6 M
NaCl. NO synthase was then eluted with 5 ml of buffer
containing 8 mM NADPH (Fig. 1B). The active fractions
from three runs were pooled and concentrated at 40C in a
Centricon-30 microconcentrator (Amicon). The concentrate
was washed twice with 1 ml of buffer to remove most of the
residual NADPH, and the sample (300-400 gl) was stored at
-80oC. Gel filtration on TSK G3000 or G4000 SW columns
was carried out at 0.25 ml/min on 50-pl aliquots of concen-
trated sample, using column buffer supplemented with 0.2 M
NaCl. Protein was eluted in two peaks, the first being NO
synthase, which was obtained in =1.5 ml (Fig. 1C). Purified
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FIG. 1. Representative elution profiles for purification of the
IFN-y. and LPS-induced macrophage NO synthase. (A) Mono Q
anion-exchange chromatography of the induced macrophage super-
natant. (B) 2',5'-ADP-Sepharose affinity chromatography ofMonoQ
active fractions. (C) Size-exclusion chromatography ofconcentrated
NO synthase activity fromB on aTSK G3000 SW column. Molecular
weight standards shown in the Inset are bovine thyroglobulin
(670,000), bovine -globulin (158,000), ovalbumin (44,000), and horse
myoglobin (17,000).

enzyme could be stored at -80oC. For certain experiments,
gel filtration was performed in buffer without L-arginine or
without FAD and tetrahydrobiopterin.

Assay Conditions. NO synthase activity was assayed by
diluting 10 Al of each column fraction in 90 Al of 40 mM
Tris HCl buffer (pH 7.9), containing 2 mM NADPH, 4 ,uM
tetrahydrobiopterin, 4 jAM FAD, 3 mM dithiothreitol, and 1
mM L-arginine. Final assay pH was 7.82 + 0.02. Fractions
were assayed in duplicate. Reactions were initiated by addi-
tion of NADPH. After 1.5 hr at 370C, residual NADPH was
removed enzymatically and nitrite was assayed colorimetri-
cally as described (10, 17).

Kinetic Measurements. The initial rate ofNO synthesis was
measured spectrophotometrically using the oxyhemoglobin
assay for NO (20) as recently described (21). In some cases,
production of nitrite (NO-) and nitrate (NO-), stable oxida-
tion products of NO that accumulate quantitatively over
time, was monitored by an automated nitrite/nitrate analyzer
as described (17).
Measurement ofFAD andFMNReles fromNO Synthase.

NO synthase was purified as above except that the gel
filtration step was performed in the absence of FAD. A
portion of purified NO synthase (8 pg, 1 ml) was boiled for
7 min to release noncovalently boundFADand FMN, and the
sample was deproteinated by filtration through Centricon-30
microconcentrators and stored on ice. FAD and FMN in
0.3-ml aliquots of the sample were separated by HPLC on an
Applied Biosystems/Brownlee Lab RP-18 reverse-phase col-
umn (220 X 4.6 mm) by a published procedure (22) with
modifications. Briefly, the conditions at injection were 93%
buffer A (5 mM ammonium acetate, pH 6.0)/7% methanol,
flowing at 1 ml/min. After 2 min, a linear gradient was
developed over 13 min to 70% methanol. FAD and FMN
were detected using a Hitachi S-1000 flow-through fluorom-
eter set at 460 nm for excitation and 530 nm for emission.
Under these conditions, authentic FAD and FMN were
completely resolved and eluted at 11.2 and 13.1 min, respec-
tively. FAD and FMN in NO synthase samples were quan-
titated by measuring peak heights relative to standard curves,
which were linear (correlation coefficient, r = 0.99) between
0 and 45 pmol of FAD or FMN. The HPLC-purified fluo-
rophores released from NO synthase were collected sepa-
rately and their excitation-emission spectra were obtained
using a Spex Industries (Edison, NJ) Fluorolog fluorometer.
Spectra obtained were compared with those of authentic
FAD and FMN dissolved in the same HPLC buffer.

Protein Determination. Protein was determined by the
method ofBradford (23) using the Bio-Rad assay solution and
bovine serum albumin as a standard.

RESULTS
Induced NO synthase was purified 426-fold from the soluble
fraction of IFN-' and LPS-treated RAW 264.7 cells by a
three-step procedure as illustrated in Fig. 1 and Table 1. The
final specific activity was 1313 nmol of NO- plus NO-
produced permg ofenzyme per min, with an overall recovery
of 9%6. The greatest individual purification factor (9.2-fold)
was achieved by affinity chromatography on 2',5'-ADP-
Sepharose, a step introduced for partial purification of mac-
rophage NO synthase (24) that has been used in all subse-
quent purifications of the constitutive NO synthases (4-7).
The SDS/PAGE profile at each purification step is illustrated
in Fig. 2; the purified NO synthase is a tight triplet of
silver-stained protein bands of estimated molecular mass
125-135 kDa (lane D). Noninduced RAW 264.7 cell super-
natant purified in an identical manner through the Mono Q
and 2',5'-ADP-Sepharose steps did not contain proteins in
this mass region (lane E). This may indicate that the protein
bands associated with NO synthase were induced by IFN-
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Table 1. Purification of cytokine-induced macrophage
NO synthase

Protein, Total Specific Yield, Purifica-
Fraction mg activity* activityt % tion factor

Lysate sup.t 198 487.2 2.5 100 1
Mono Q 7.6 141.2 21.3 29 9
2',5'-ADP 0.27 50.0 197 10.2 83
TSK G3000 0.04 42.4 1060 8.7 426
RAW 264.7 cells were harvested after 10-12 hr of incubation with

IFN-y and LPS. Values are averages from three purifications,
starting with a mean of S x 109 cells.
*nmol of NO per min.
tnmol of NO- per min per mg of protein (NOr was not measured).
tSupernatant of 100,000 x g centrifugation of cell lysate.

y/LPS. The molecular mass obtained for NO synthase by
SDS/PAGE was about half of that estimated for active NO
synthase (250 kDa) on both TSK G3000SW and TSK
G4000SW gel filtration columns (Fig. 1C Inset).
The column buffers used for enzyme purification were

supplemented with 3 mM DTT, 5 mM L-arginine, 1 uM
tetrahydrobiopterin, 2 AM FAD, and 10o glycerol to maxi-
mize yield of active enzyme. Gel filtration of NO synthase
under these conditions resulted in 85% recovery of enzyme
activity (Table 1) and could be performed in the absence of
L-arginine without further loss (data not shown). However,
when the gel filtration step was performed in the absence of
L-arginine, tetrahydrobiopterin, and FAD, recovery of NO
synthase activity fell to 15% (Fig. 3). Also, the retention time
of the NO synthase protein peak increased such that its
estimated molecular mass decreased from 250 kDa to 121 kDa
(Fig. 3 Inset). This change was reflected in analytical SDS/
PAGE, which showed the 130-kDa proteins eluted in the
fractions corresponding to the lower molecular mass (data
not shown). When the same column buffer was made 5 mM
in L-arginine and a new sample was run under otherwise
identical conditions, both retention time and recovery of
activity were restored to their normal values (Fig. 3). The
results suggest that either L-arginine alone or a combination
of FAD and tetrahydrobiopterin is sufficient to maintain the
enzyme in its larger, active form. However, as evident in Fig.
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FIG. 2. Representative SDS/PAGE profile of NO synthase ac-
tivity at each purification step (7.5% acrylamide gel, 1 Mg of protein
per lane, silver-stained). Lane A, crude lysate; lane B, after Mono Q
step; lane C, after 2',5'-ADP-Sepharose step; lane D, after TSK
G3000 SW step; lane E, noninduced-macrophage lysate supernatant
chromatographed through the Mono Q and 2',5'-ADP-Sepharose
steps. Molecular weight standards indicated are rabbit muscle my-
osin heavy chain (200,000), E. coli P-galactosidase (116,000), rabbit
muscle phosphorylase b (97,400), bovine albumin (66,000), ovalbu-
min (45,000), and bovine carbonic anhydrase (29,000).
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FIG. 3. Effect of buffer conditions on the elution and stability of
NO synthase during TSK gel filtration. NO synthase was chromato-
graphed on a TSK G3000 SW column in the absence of L-arginine,
FAD, and tetrahydrobiopterin (dashed line, OD20; activity, open
symbols), or in the absence of only FAD and tetrahydrobiopterin
(solid line, OD2N; activity, filled symbols). (Inset) Protein peak
molecular weight relative to molecular weight standards during
chromatography with L-arginine (solid line) and without L-arginine
(dashed line).

3, cofactors added after the dimer had been dissociated did
not restore enzymatic activity.
The purified NO synthase activity could be stored uncon-

centrated at -15 ,g/ml for at least 6 hr at 4°C or overnight
at -80°C without loss of activity. Under our standard assay
conditions, the specific activity of NO synthase remained
constant with dilution over the protein concentration range
tested (0.05-1.3 ,g/ml). When NO synthase was incubated
at 37°C under assay conditions, the specific activity de-
creased slowly, falling to 56% of its original value after 6 hr
(data not shown).
Some physical and kinetic parameters of purified macro-

phage NO synthase are listed in Table 2. The evidence thus
far suggests that macrophage NO synthase is active as a
dimer comprised of two -130-kDa subunits. The Km for
L-arginine as substrate (2.8 MM) was similar to the value
obtained previously (2.3 MM) for partially purified enzyme
(21). The Km for NADPH was estimated to be 0.3 MM.
Upon heat denaturation, NO synthase released two fluo-

rophores whose retention times on reverse-phase HPLC
matched those of authentic FAD and FMN (Fig. 4). (Au-
thentic FAD boiled under these conditions was stable and did
not generate FMN.) The peaks were collected separately and
their fluorescence excitation-emission spectra were re-
corded. Both peaks had excitation maxima at 280, 365, and
460 nm and emission maxima at 430 and 530 nm, identical to
authentic FAD and FMN. NO synthase released an average
of 1.1 ± 0.1 mol ofFAD and 0.55 ± 0.04 mol ofFMN per mol
of 130-kDa subunit (n = 2).
Added FAD, tetrahydrobiopterin, and FMN each enhanced

NO synthesis by the purified enzyme at submicromolar con-

Table 2. Physical and kinetic characteristics of cytokine-induced
macrophage NO synthase
Molecular mass

Native 250 kDa
Denatured 125-135 kDa
Vx,,1.3 ,umol of NO- plus NO3 per min per mg
Km, L-arginine 2.8 ,uM
K., NADPH -0.3 uM
FAD content 1.1 ± 0.1 per 130 kDa
FMN content 0.55 ± 0.04 per 130 kDa
Native molecular mass was estimated by gel filtration on TSK

G3000 SW and G4000 SW columns. Denatured molecular weight was
estimated by SDS/PAGE.

Biochemistry: Stuehr et al.
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FIG. 4. Reverse-phase HPLC analysis of fluorophores released
from 2.9 ,ug (22.3 pmol of monomer) of boiled NO synthase (solid
line) compared with FAD and FMN standards (dashed line). Reten-
tion times for authentic FAD (2.4 nmol) and FMN (2.2 nmol) were

11.2 and 13.1 min, respectively. The illustration is representative of
two analyses. (Inset) Fluorescent emission spectrum of authentic
FMN (dashed line) compared with that of the NO synthase-derived
fluorophore eluted at 13 min (solid line).

centrations (Table 3). Maximal stimulation required at least 1
Z.M concentration of each. The rate of NO synthesis was

completely dependent on NADPH (data not shown) and
partially dependent on added tetrahydrobiopterin, FAD, and
FMN (Table 3). In contrast to the linear rates observed in the
absence of FAD or FMN, the rate in the absence of tetrahy-
drobiopterin fell continuously and became essentially zero
after 90 min. These results are similar to those reported for the
partially purified induced NO synthase (17).
The activity of constitutive NO synthases is highly depen-

dent on added calcium ions (7) or calcium ions plus calmod-
ulin (4-6) and is potently inhibited by drugs directed against
calcium-binding proteins. In contrast, induced NO synthase
activity was enhanced <20% by added calcium (2 mM) or

calcium plus calmodulin (100 units/ml), and four calmodulin
inhibitors did not decrease crude cytosolic NO synthase
activity appreciably (Table 4). Addition of EDTA or EGTA
at 1 mM to Mono Q -- 2',5'-ADP-Sepharose-purified prep-

arations of induced enzyme did not inhibit NO synthase
activity (data not shown).

DISCUSSION
Cytokine induction of NO synthase activity was first de-
scribed in mouse macrophages (8, 9) and has since been

Table 3. Cofactor dependency of the cytokine-induced
NO synthase

Rate of NO synthesis in
Cofactor the absence of cofactor, ECso,*
omitted pmol/min nM

None 541
FMN 454 100
FAD 154 40
H4biopterint
0-25 min 220 60
60-90 min 55

For this experiment, gel filtration was performed in the absence of
FAD, FMN, and tetrahydrobiopterin (H4biopterin). Nitrite and
nitrate production over time was measured in reaction mixtures that
contained all cofactors at optimal concentrations (control) or in
reaction mixtures that were missing the single designated cofactor.
*The cofactor concentration that supported a rate of NO synthesis
that was midway between the rate of a fully supplemented reaction
and the rate in a reaction missing the cofactor.
tThe rate ofNO synthesis in the absence ofH4biopterin continuously
decreased. The reported rates are the average within the two time
frames noted.

Table 4. Effect of calcium ions, calmodulin, and calmodulin
inhibitors on induced NO synthase activity

Purified NO Crude NO
synthase synthase

Additive(s) activity* activityt
None 203 ± 13 340 ± 4
Ca2+ (2 mM) 241 ± 5
Ca2+/calmodulin

(100 units/ml) 224 ± 16
Trifluoperazine (10 juM) 311 ± 17
N6 (100 ,uM) 313 ± 81
N5 (100 ,uM) 314 ± 19
N4 (100 ILM) 337 ± 21

Reaction mixtures contained purified NO synthase or unfraction-
ated macrophage supernatant (crude NO synthase) and were incu-
bated for 3 hr under the standard assay conditions in the presence or
absence of the listed additives: N6, N-(6-aminohexyl)-5-chloro-2-
naphthalenesulfonamide; N5, N-(5-aminopentyl)-1-naphthalenesul-
fonamide; N4, N-(4-aminobutyl)-5-chloro-2-naphthalenesulfona-
mide.
*nmol of NOj per min per mg.
tnmol of NO- plus NO- per min.

observed in a variety of tissues and cells (refs. 25-28,
reviewed in ref. 19). We have purified the IFN-y- and
LPS-induced NO synthase from a mouse macrophage cell
line and found that it is an FAD- and FMN-containing
flavoprotein. Our evidence suggests that this induced mac-
rophage NO synthase differs from the constitutive cerebellar
or neutrophil NO synthases in at least four ways. (i) Induced
NO synthase subunits are somewhat heterogeneous with
regard to size (ranging from 125 to 135 kDa) and are slightly
smaller than the SDS-denatured constitutiveNO synthases of
rat cerebellum (150 or 155 kDa; refs. 4 and 5), porcine
cerebellum (160 kDa; ref. 6), or rat neutrophils (150 kDa; ref.
7). (it) Macrophage NO synthase appears to be catalytically
active as a dimer, whereas three of four constitutive NO
synthases purified thus far were reported to be active as
monomers (4, 6, 7). (iii) The induced macrophage enzyme
does not require added calcium ions or calmodulin for
activity. (iv) The induced synthase is much more stable at 4°C
or when undergoing catalysis at 37°C than either the cere-
bellar or the neutrophil NO synthases. Due to differences in
assay conditions, it is unclear whether the maximal velocity
ofinduced macrophageNO synthase (-1l.3 ,umol ofNO- plus
NO- per mg per mm) differs from those of the constitutive
NO synthases, which were reported to range from 0.1 to 1
,umol per mg per min (4-7).

It is unusual that induced NO synthase contains both FAD
and FMN. The only other known mammalian enzyme in this
class is NADPH-cytochrome P-450 oxidoreductase, which
contains 1 mol each of FAD and FMN per mol of enzyme
(29). Its FAD and FMN cofactors facilitate the one-electron
reduction of hemoproteins by stabilizing the resultant radical
that is generated within the oxidoreductase (30, 31). NO
synthase may utilize a similar mechanism during generation
of NO, which is paramagnetic, from the initial diamagnetic
intermediate Nw-hydroxy-L-arginine (19, 21). In addition,
NO synthase is an oxygenase (16, 21) and therefore may
share some properties with bacterial FAD- and FMN-
containing hemoprotein oxygenases or reductases (32, 33).

Analysis of FAD and FMN content of NO synthase
suggests that two molecules of FAD and only one molecule
of FMN are bound noncovalently per functional dimer. It is
possible that FMN binds less tightly and is partially lost
during the purification procedure. Alternatively, the 2:1:1
stoichiometry of FAD/FMN/NO synthase dimer could be
due to differential flavin binding by subunits of the enzyme.
Some form ofheterogeneity is also suggested by the observed
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multiple banding between 125 and 135 kDa in silver-stained
SDS/polyacrylamide gels. This may reflect differential co-
factor binding, posttranslational modification, or merely a
minor degree of proteolysis.

Constitutive NO synthase appears to provide critical ho-
meostatic and regulatory functions in the cardiovascular and
nervous systems. Inducible NO synthase, on the other hand,
has been implicated in several pathological states, including
septic shock, vascular leak syndrome associated with cyto-
kine therapy, uremia, and diabetes (11, 12, 34, 35). Thera-
peutic inhibition of inducible NO synthase should be suffi-
ciently specific not to interfere with the constitutive enzyme.
The purification of the inducible NO synthase provides an
opportunity to investigate both its unusual biochemistry and
a means for its selective inhibition.
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